The temperature contrast between the Northern and Southern Hemispheres-the interhemispheric temperature asymmetry (ITA)-is an emerging indicator of global climate change, potentially relevant to the Hadley circulation and tropical rainfall. The authors examine the ITA in historical observations and in phases 3 and 5 of the Coupled Model Intercomparison Project (CMIP3 and CMIP5) simulations. The observed annual-mean ITA (north minus south) has varied within a 0.88C range and features a significant positive trend since 1980. The CMIP multimodel ensembles simulate this trend, with a stronger and more realistic signal in CMIP5. Both ensembles project a continued increase in the ITA over the twenty-first century, well outside the twentieth-century range. The authors mainly attribute this increase to the uneven spatial impacts of greenhouse forcing, which result in amplified warming in the Arctic and northern landmasses. The CMIP5 specific-forcing simulations indicate that, before 1980, the greenhouse-forced ITA trend was primarily countered by anthropogenic aerosols. The authors also identify an abrupt decrease in the observed ITA in the late 1960s, which is generally not present in the CMIP simulations; it suggests that the observed drop was caused by internal variability. The difference in the strengths of the northern and southern Hadley cells covaries with the ITA in the CMIP5 simulations, in accordance with previous findings; the authors also find an association with the hemispheric asymmetry in tropical rainfall. These relationships imply a northward shift in tropical rainfall with increasing ITA in the twenty-first century, though this result is difficult to separate from the response to global-mean temperature change.
Introduction
The thermal contrast between the Northern and Southern Hemispheres is an emerging index of climate change. In paleoclimate, hemispheric cooling events may have played important roles in abrupt climate changes during the last glacial period (Chiang 2009 ) and glacial-interglacial cycles (Toggweiler and Lea 2010) . In the twentieth century, hemispheric differences in sea surface temperature (SST) have been shown to be important for tropical rainfall and the Hadley circulation and have been implicated in regional climate changes such as the onset of the Sahel drought in the late 1960s (Folland et al. 1986 ) and the decrease in the South Asian monsoon in recent decades (Chung and Ramanathan 2006; Bollasina et al. 2011) . A review can be found in Chiang and Friedman (2012) .
Observational and modeling studies over the past few decades have found different temperature responses to Denotes Open Access content. climatic forcings between the Northern Hemisphere (NH) and Southern Hemisphere (SH). Early modeling experiments showed that greenhouse gas (GHG) forcing resulted in greater NH warming because of the hemispheric asymmetry in land distribution and Southern Ocean vertical mixing (Stouffer et al. 1989; Manabe et al. 1991) . On the other hand, sulfate aerosols are unevenly distributed in the NH, causing greater NH cooling (Kiehl and Briegleb 1993; Santer et al. 1996; Kaufmann and Stern 1997) . Recently, Karoly and others studied simple indices, including the interhemispheric temperature contrast, for detecting and attributing global climate changes (Karoly and Braganza 2001; Braganza et al. 2004; Drost et al. 2012; Drost and Karoly 2012) . These studies do not find robust significant trends in the twentieth century (unlike their other indices), which they suggest is because of compensating effects of GHGs and aerosols. However, they do find a significant increase in future projections from a subset of phases 3 and 5 of the Coupled Model Intercomparison Project (CMIP3 and CMIP5).
Our main purpose in this study is to explore the interhemispheric temperature asymmetry (ITA) as an indicator of climate change. We continue from previous studies and report on the behavior of the ITA in updated observational datasets and multimodel simulations from CMIP3 and CMIP5. We investigate the causes of ITA changes by examining CMIP5 simulations of specific natural and anthropogenic forcings and by exploring the spatial pattern associated with the pronounced increasing ITA trend since the 1980s, which is projected to continue through the twenty-first century. Additionally, we return to the motivating climate impacts, discussing some of the ways that the ITA may explain historical and future responses of tropical circulation and precipitation. Finally, we briefly address the abrupt ITA shift in the late 1960s.
Indices and datasets

a. ITA index
We define the ITA index as the difference between the hemispheric-mean surface air temperatures, NH minus SH. The net hemispheric surface air temperature contrast has the benefit of consistency, as observational estimates can be constructed extending back to the late nineteenth century. Dynamically, there is a basis for comparing net hemispheric temperatures (as opposed to only SSTs) in that both extratropical land and ocean temperatures have been shown to influence tropical circulation and rainfall (Chiang and Bitz 2005) . We compute anomalies (DITA) relative to 1891-1920, similar to Drost et al. (2012) .
b. Datasets
We analyze hemispheric-average temperature anomalies from the Goddard Institute for Space Studies (GISS) Surface Temperature Analysis (GISTEMP; Hansen et al. 2010 ), which we also compare with those from the National Climatic Data Center (NCDC; Smith et al. 2008) , and the Hadley Centre/Climatic Research Unit, version 4 (HadCRUT4; Morice et al. 2012) . The datasets combine land surface air temperature with SST measurements to represent surface air temperature anomalies. The SST anomalies are used as they have been shown to closely approximate surface air temperature anomalies over large (ice free) areas, and there are more consistent SST measurements than of marine air temperature (Rayner et al. 2003) . We also investigate hemispheric-average SST anomalies from the National Oceanic and Atmospheric Administration (NOAA) extended reconstructed sea surface temperature dataset, version 3b (ERSST.v3b; Smith and Reynolds 2004) .
We investigate available multimodel near-surface air temperature tas output from CMIP3 (Meehl et al. 2007) and CMIP5 (Taylor et al. 2012) . For the CMIP3, we use the twentieth-century climate simulation (20c3m) and the Special Report on Emissions Scenarios (SRES) A2 and B1; for the CMIP5, we use the historical simulation and representative concentration pathway (RCP) scenarios 4.5 and 8.5. The B1 and A2 are comparable in terms of net radiative forcing to the RCP4.5 and RCP8.5 scenarios, respectively (van Vuuren et al. 2011) . We additionally examine CMIP5 historical simulations forced by specific agents: natural forcing, land-use change, wellmixed GHGs, and anthropogenic aerosols. Table 1 summarizes the CMIP3 models and Table 2 summarizes the CMIP5 models used. We show the ITA time series for CMIP3 and CMIP5 but focus most of our analysis on CMIP5. We do not apply any additional masking of model regions that are missing in the datasets, which we find has very little effect on the ITA index.
In section 5, we investigate precipitation pr and mean meridional mass streamfunction from most of the CMIP5 historical and RCP8.5 simulations, which are also shown in (Wilks 2006) .
Results
a. Historical period: Observations and models
The GISTEMP hemispheric temperature anomalies are shown in Fig. 1a . Figure 1b b. Future projections Figure 2 shows the future projected DITA. The striking feature of all future scenarios is the pronounced DITA increase, exceeding well beyond the twentiethcentury range. The future DITA is apparently a continuation of the upward trend since 1980 (which we discuss in section 4). Within each CMIP, the scenario with the Figure 3 shows the ensemble-mean DITA from the CMIP5 specific-forcing simulations compared with observations. Neither natural forcings (Fig. 3a) nor landuse change (Fig. 3b ) affect long-term DITA departures over the historical period. In Fig. 3a , we have marked major tropical volcanic eruptions following Fig. 9 .5 in Hegerl et al. (2007) , which are largely followed by shortlived DITA decreases from the large-scale effects of stratospheric sulfate aerosols. Anthropogenic aerosols (Fig. 3c) and GHGs (Fig. 3d) force opposing DITA trends: aerosols (GHGs) disproportionately cool (warm) the NH. The compensating effects of these forcings explain why DITA remained relatively stable over much of the twentieth century, until around 1980. This is similar to global temperature, in which anthropogenic aerosols are believed to have masked GHGs over the middle of the twentieth century, though the global warming trend resumed slightly earlier (Hegerl et al. 2007 ). The DITA from anthropogenic aerosols levels off around 1970, when clean air laws took effect in much of Europe and North America, similar to previous findings of tropical Atlantic interhemispheric SST asymmetry (Chang et al. 2011) . In contrast, the GHG-only DITA continues to increase along with GHG accumulation in the atmosphere. Summing DITA from the anthropogenic aerosol and GHG-only simulations (Fig. 3e ) results in a positive DITA trend starting around 1980, which is similar to the observational record.
Attribution of the ITA trend
A direct comparison between the global-mean temperature anomaly DT glob and DITA further highlights the origins and emergence of the DITA trend after 1980. Figure 4 shows DITA plotted against DT glob , for GISTEMP observations (Fig. 4a ) and CMIP5 historical and specific-forcing simulations (Figs. 4b-f ). For the observations (Fig. 4a) , the years before and after 1980 feature two modes of behavior. Until 1980, the relationship between DITA and DT glob is relatively weak (r 5 0.29); however, from 1981 to 2011, DITA and DT glob both feature positive anomalies and are much more strongly correlated (r 5 0.84). Though the CMIP5 historical DITA and DT glob show much less overall scatter than the observations, most likely caused by ensemble averaging (Hegerl et al. 2007 ), they similarly feature positive anomalies and a much stronger correlation after 1980 (r 5 0.46 vs 0.96). Though DT glob and DITA are positively correlated for the natural forcing (Fig. 4c ) and anthropogenic aerosol (Fig. 4f) simulations, these forcings do not produce the strong positive anomalies of DITA and DT glob after 1980. Of the specific-forcing simulations, only GHGs (Fig. 4e) What spatial features account for the positive DITA trend in the last few decades along with global-mean temperature? We focus on the period 1981-2011 in the observations, with the trend line delineated in Fig. 5a . Figure 5b shows the regression onto the 1981-2011 DITA trend line from Fig. 5a . This pattern of pronounced warming over the continents and NH extratropics has been discussed in previous analyses of global temperature change (Hansen et al. 2006; Trenberth et al. 2007) , with eastern Pacific Ocean cooling described as part of the interdecadal Pacific oscillation (Wang et al. 2012) . The regression slopes of zonal-mean observational, CMIP5 historical, and RCP8.5 temperature anomalies, shown in Fig. 6a , have very similar latitudinal gradients, though the mean warming differs among them. This hemispherically asymmetric zonal-mean pattern, also similar to regressions onto global temperature trends (Xu and Ramanathan 2012) , has long been studied as a robust feature of the transient climate change response (Stouffer et al. 1989; Manabe et al. 1991) . The prominent Arctic amplification has been attributed to feedbacks from melting snow and sea ice, water vapor, increasing clouds, and lapse rate changes (Bekryaev et al. 2010; Serreze and Barry 2011; Hwang et al. 2011) . Outside the Arctic, the zonal-mean pattern has largely been attributed to hemispheric differences in land and ocean, resulting in less NH evaporation and heat uptake (Hegerl et al. 2007 ), as the land-ocean warming contrast has been shown to be a robust feature of the global warming response (Lambert and Chiang 2007) . However, we find that there has also been an increase in interhemispheric SST asymmetry over the last few decades [0.098C decade 21 (p , 0.01), 1981-2011;
ERSST.v3b], which contributes to the DITA increase. The recent interhemispheric SST asymmetry increase may have more than one cause. First, land and ocean temperatures are correlated because of land-sea advection (Thompson et al. 2009 ). Additionally, the warming minimum around 608S has been attributed to heat uptake in the Southern Ocean, which mixes heat downward (Xie et al. 2010 ). Ocean dynamical variability may also play a role, which we discuss (for a different time period) in section 6. Figure 6b shows the relative contribution of three latitude zones to the DITA trends. The DITA trend contribution is calculated as the interhemispheric temperature asymmetry of the specific latitude band, multiplied by its surface area fraction. These zones (08-448, 448-648, and 648-908) cover about 70%, 20%, and 10% of the globe, respectively. To first order, these three latitude bands with very different areas have similar contributions to the DITA trend, which illustrates that the high latitudes are proportionally more important. However, it also puts the large Arctic warming in Fig. 6a into perspective: with its limited area, the Arctic amplification alone does not explain the majority of the DITA increase.
Impacts on tropical circulation and precipitation
Previous studies have found that increasing ITA causes weakening of the NH Hadley cell, strengthening of the SH Hadley cell, and a northward shift of tropical precipitation (Yoshimori and Broccoli 2008; Kang et al. 2009; Frierson and Hwang 2012) . Our analysis of the CMIP5 ensemble-mean future projections largely agrees with these prior findings.
First, we consider the Hadley circulation changes. Figures 7a and 7b show the time series of NH and SH maximum meridional overturning mass streamfunction in the historical and RCP8.5 simulations. Comparing these with Fig. 2 , the increase of DITA in the twenty-first century is accompanied by a significant weakening of the NH Hadley cell and a small strengthening of the SH Hadley cell. Hemispheric differences can be explained by the combination of the increased ITA and the overall weakening of tropical circulation with global warming (Zhang and Song 2006; Vecchi and Soden 2007) . In the NH, both the increasing ITA and global warming weaken the circulation after around 1980, whereas in the SH the increasing ITA compensates for global warming and results in a small strengthening trend during this period. Figure 7c , the SH minus the NH maximum streamfunction ( Fig. 7a minus Fig. 7b ), removes much of the tropical-mean signal and thus more strongly shows the influence of the ITA on the Hadley circulation asymmetry. Recent studies have also suggested that strengthening of the SH Hadley cell and weakening of the NH Hadley cell should lead to a northward shift of the tropical rainbands in the twenty-first century (Kang et al. 2009; Frierson and Hwang 2012) . However, this signal is difficult to separate from a precipitation intensification from global warming , which would disproportionately increase NH tropical rainfall since there is more tropical NH rainfall in the presentday climate (Chou et al. 2007 ). We remove part of this effect by normalizing the precipitation changes by the tropical-mean amount. We define the precipitation asymmetry index as precipitation from the equator to 208N minus precipitation from the equator to 208S, normalized by tropical-mean precipitation (208S-208N). Even with this normalization, however, defining a precipitation index to represent the northward shift is challenging, as different GCMs project different kinds of spatial patterns in precipitation changes that affect our tropical precipitation asymmetry index. For example, some GCMs project a uniform northward shift of the present-day precipitation pattern, whereas some project a tropical precipitation shift toward the north without shifting the location of maximum precipitation. Figure 7d shows the change in this tropical precipitation asymmetry index. Qualitatively, it resembles the behavior of the historical and projected DITA in Fig. 2 : a relative lack of trend over the first half of the twentieth century and a northward trend starting around 1980 and extending into the future. However, we note that the positive trend in the precipitation asymmetry after 1980 appears to be smaller than expected from increasing DITA alone. The northward shift does not become significant (compared with the twentieth-century ensemble standard deviation) until 2040, whereas DITA is anomalously positive from the beginning of the twenty-first century. We have also noticed that some GCMs with a smaller increase of DITA actually project a relative decrease in the SH minus NH Hadley circulation difference and a southward shift of tropical precipitation (which can be inferred from the wide ensemble standard deviation shading in Figs. 7c,d) .
Though the association in the CMIP5 models is promising, there are additional caveats to directly linking the ITA with the shifts in tropical precipitation. First, the marine ITCZ is more strictly dynamically tied to the tropical SST asymmetry (Lindzen and Nigam 1987) , so latitudes closer to the equator may have a larger effect on tropical rainfall for a given change in DITA. Precipitation variability in CMIP5 models has recently been attributed to SST change disparities among models Table 2 . (Ma and Xie 2013) . For example, SST warming at the equator (which may be caused by, e.g., a weaker Walker circulation) does not contribute to the ITA index; however, it is expected to cause a southward ITCZ shift (Vecchi et al. 2006; Seager and Naik 2012) . Furthermore, from an energy flux perspective, an increasing ITA may not necessarily lead to southward crossequatorial atmospheric heat transport and a northward ITCZ shift; the ITCZ can actually shift away from the warmed hemisphere when enhanced GHG warming leads to increased outgoing radiation (Frierson and Hwang 2012; Zelinka and Hartmann 2012) . Thus, we caution against applying a simplistic association between future ITA changes and tropical rainfall asymmetry. Another hemispherically asymmetric process we have yet to consider for both circulation and rainfall is Antarctic stratospheric ozone depletion. Twenty-first-century ozone recovery is projected to strengthen the SH summer Hadley cell and contract the subtropical dry zones, opposing greenhouse forcing (Polvani et al. 2011 ).
Late-1960s ITA shift
Finally, we consider the abrupt ITA shift in the late 1960s. The rapid time scale and the spatial pattern associated with the late-1960s ITA drop suggest different processes than those contributing to the ITA increase of the last few decades. Figure 8a shows the GISTEMP DITA, with a linear fit connecting the means of 1950-67 and 1971-80 . Figure 8b shows the regression slopes of GISTEMP anomalies onto this linear fit of the drop. The slopes are characterized by extratropical SST cooling in the NH and warming in the SH, with the largest magnitude slopes corresponding to cooling in the North Atlantic. Additionally, there is warming in the southern Atlantic and Indian Oceans and also cooling in the North Pacific. Comparison with Fig. 5b shows that this spatial pattern is quite distinct from that of the increasing ITA trend since 1980, which is driven by hemispherically asymmetric warming in the Arctic and northern landmasses. Figure 8c , the zonal-mean regression slopes onto the linear fit of the drop, shows values of opposite sign and similar magnitude that are strongest in the midlatitudes of both hemispheres. This zonal-mean midlatitude dipole can be contrasted with the zonal-mean trends in Fig. 6a , which are positive in both hemispheres and feature strong Arctic amplification. What caused the abrupt shift? Baines and Folland (2007) speculate that either global ocean meridional overturning circulation (MOC) or an increase in anthropogenic sulfate aerosols was responsible. Investigating unsmoothed monthly data, Thompson et al. (2010) argue that the rapid time scale of the interhemispheric SST shift points to an abrupt change in ocean circulation centered in the dynamically active North Atlantic. They suggest that the source was a rapid freshening in the northern North Atlantic, previously identified as the ''Great Salinity Anomaly'' from the late 1960s through early 1970s (Zhang and Vallis 2006) . Dima and Lohmann (2010) describe an interhemispheric mode of SST variability with a large amplitude in the North Atlantic that underwent a shift around 1970. They ascribe this mode to the Atlantic MOC response to freshwater forcing, triggered by the great salinity anomaly. A recent attribution study of North Atlantic SSTs also points to internal ocean variability as primarily responsible for the late-1960s cooling event that contributed to the interhemispheric SST difference (Terray 2012) .
As shown in Figs. 1c and 1d , the CMIP historical ensemble means do not simulate the observational ITA shift in the late 1960s, suggesting that the observed drop is caused by internal variability. However, some individual CMIP5 realizations do produce a realistic ITA shift during this period (not shown), which leaves open some questions about the extent to which it was externally forced. The impacts of the late-1960s ITA shift on tropical circulation and precipitation also remain a topic of investigation. Concurrent changes have been identified in several atmospheric circulation indices in the late 1960s, correlated with the interhemispheric SST shift (Baines and Folland 2007; Mantsis and Clement 2009) . There was also a coordinated weakening of the West African and Asian monsoons around this time, which has been linked the decrease in North Atlantic SST (Liu and Chiang 2012) .
Conclusions
In this study, we have presented the interhemispheric temperature asymmetry as an index of climate change. In addition to being conceptually simple and available from observations prior to the satellite record, we argue that it can provide insight into climate change forcings and also point to changes in tropical circulation and precipitation.
Our major findings about the ITA are as follows: The observed ITA did not exhibit a significant trend over most of the twentieth century; however, it began a pronounced upward trend (north warming faster than south) around 1980, which the CMIP5 simulations reproduce more strongly. Our analysis of the CMIP5 specific-forcing simulations suggests that the effects of GHGs and aerosols on the ITA largely compensated for each other until around 1980, when steadily accumulating GHGs overtook aerosols that had leveled off from pollution regulations. The upward trend continues in the twenty-first-century projection simulations we examined. Spatial regressions show that the positive ITA trend of the last few decades is primarily driven by disproportionate warming in the Arctic and NH landmasses, which was previously shown to be a hemispherically asymmetric response pattern to global climate forcing.
The CMIP5 simulations indicate that the atmospheric circulation will respond to the increased ITA via a strengthening of the southern Hadley cell and a weakening of the northern Hadley cell, a result that is not predicted from the dynamical response to global warming alone. Our analysis suggests that this will be accompanied by a northward shift in tropical precipitation, though there are difficulties distinguishing this response from other components of the hydrological response to global warming. Another caveat is that tropical circulation and rainfall may also have hemispherically asymmetric responses to projected ozone recovery.
We ended with a short discussion of the late-1960s abrupt ITA decrease. Unlike the response to GHGs, which is characterized by hemispherically asymmetric warming with polar amplification, the late-1960s ITA shift is characterized by a midlatitude SST dipole. We presented evidence that the abrupt decrease was driven by a sudden change in the ocean meridional overturning circulation centered in the North Atlantic; though intriguing, the mechanisms remain to be worked out. Future steps in pursuing this problem include investigating the high-resolution ITA time series to follow the propagation of temperature anomalies and studying the behavior of individual models that do simulate a realistic ITA shift. The impacts of the late-1960s abrupt ITA shift on the Hadley cell and tropical rainfall will also be a focus of future studies.
